Steady-state and transient-kinetic studies were conducted to characterize the overall and partial reactions of the Ca 2؉ -transport cycle mediated by the human sarco(endo)plasmic reticulum Ca 2؉ -ATPase 3 (SERCA3) isoforms: SERCA3a, SERCA3b, and SERCA3c. Relative to SERCA1a, all three human SERCA3 enzymes displayed a reduced apparent affinity for cytosolic Ca 2؉ in activation of the overall reaction due to a decreased E 2 to E 1 Ca 2 transition rate and an increased rate of Ca 2؉ dissociation from E 1 Ca 2 . At neutral pH, the ATPase activity of the SERCA3 enzymes was not significantly enhanced upon permeabilization of the microsomal vesicles with calcium ionophore, indicating a difference from SERCA1a with respect to regulation of the lumenal Ca 2؉ level (either an enhanced efflux of lumenal Ca 2؉ through the pump in E 2 form or insensitivity to inhibition by lumenal Ca 2؉ ). Other differences from SERCA1a with respect to the overall ATPase reaction were an alkaline shift of the pH optimum, increased catalytic turnover rate at pH optimum (highest for SERCA3b, the isoform with the longest C terminus), and an increased sensitivity to inhibition by vanadate that disappeared under equilibrium conditions in the absence of Ca 2؉ and ATP. The transient-kinetic analysis traced several of the differences from SERCA1a to an enhancement of the rate of dephosphorylation of the E 2 P phosphoenzyme intermediate, which was most pronounced at alkaline pH and increased with the length of the alternatively spliced C terminus.
Steady-state and transient-kinetic studies were conducted to characterize the overall and partial reactions of the Ca 2؉ -transport cycle mediated by the human sarco(endo)plasmic reticulum Ca 2؉ -ATPase 3 (SERCA3) isoforms: SERCA3a, SERCA3b, and SERCA3c. Relative to SERCA1a, all three human SERCA3 enzymes displayed a reduced apparent affinity for cytosolic Ca 2؉ in activation of the overall reaction due to a decreased E 2 to E 1 Ca 2 transition rate and an increased rate of Ca 2؉ dissociation from E 1 Ca 2 . At neutral pH, the ATPase activity of the SERCA3 enzymes was not significantly enhanced upon permeabilization of the microsomal vesicles with calcium ionophore, indicating a difference from SERCA1a with respect to regulation of the lumenal Ca 2؉ level (either an enhanced efflux of lumenal Ca 2؉ through the pump in E 2 form or insensitivity to inhibition by lumenal Ca 2؉ ). Other differences from SERCA1a with respect to the overall ATPase reaction were an alkaline shift of the pH optimum, increased catalytic turnover rate at pH optimum (highest for SERCA3b, the isoform with the longest C terminus), and an increased sensitivity to inhibition by vanadate that disappeared under equilibrium conditions in the absence of Ca 2؉ and ATP. The transient-kinetic analysis traced several of the differences from SERCA1a to an enhancement of the rate of dephosphorylation of the E 2 P phosphoenzyme intermediate, which was most pronounced at alkaline pH and increased with the length of the alternatively spliced C terminus.
Sarco(endo)plasmic reticulum Ca 2ϩ -ATPases (SERCAs) 1 are single-subunit membrane-spanning P-type ATPases that mediate the uphill transport of cytoplasmic Ca 2ϩ into the lumen of intracellular stores with a stoichiometry of two Ca 2ϩ per ATP hydrolyzed (1) (2) (3) . Studies of the SERCA1a enzyme have shown that Ca 2ϩ transport and ATP utilization are coupled through long-range intramolecular interactions between the 10-helix transmembrane domain containing the Ca 2ϩ binding sites and the cytoplasmic actuator, phosphorylation, and nucleotidebinding domains (1) (2) (3) (4) . In the reversible catalytic cycle (5) , the binding of the two calcium ions with high affinity from the cytoplasmic side of the membrane triggers the phosphorylation of Asp 351 by ATP, whereas the dephosphorylation occurs when the translocated calcium ions have been released from lowaffinity lumenally facing sites in exchange with protons being countertransported (Scheme 1).
The SERCAs have long been known as key enzymes in the cytoplasmic Ca 2ϩ signaling events, and more recent studies have also drawn attention to the importance of the luminal Ca 2ϩ content for Ca 2ϩ signaling, folding and processing of newly synthesized proteins, and control of cell growth and apoptosis (6 -9) . In addition to the functionally well characterized SERCA1a isoform, the 3 human SERCA genes encode at least 8 other SERCA proteins by alternative splicing (10 -15) . Whereas SERCA2b seems to be a ubiquitously expressed housekeeping enzyme, the other isoforms are limited to specific cell types. Previously, the rat SERCA3 gene (16) was shown to encode a Ca 2ϩ -ATPase (SERCA3a according to the present nomenclature) that in steady-state measurements of Ca 2ϩ uptake activity showed peculiar functional properties as compared with SERCA1 and SERCA2 isoforms: a reduced apparent affinity for cytoplasmic Ca 2ϩ , an increased apparent affinity for vanadate inhibition, and an altered pH optimum (pH 7.2-7.4 versus pH 6.8 -7.0) (17) . SERCA3 enzyme is present in a number of non-muscle cell types where Ca 2ϩ signaling plays a critical role in regulating physiological processes. SERCA3 is always co-expressed along with SERCA2b, and the expression level of SERCA3 varies dramatically from tissue to tissue (16, 18 -22) . Specific changes to SERCA3 expression and mutations in the SERCA3 gene have been linked with pathological conditions such as type II diabetes (23, 24) , hyperten-sion (25, 26) , defective endothelium-and epithelium-dependent relaxation of smooth muscles (27, 28) , and, most recently, carcinoma of colon and gastric epithelial cells (29) . The human SERCA3a has been cloned from a Jurkat cell line, and the localization of the SERCA3 gene (ATP2A3) on human chromosome 17p13.3, as well as the complete structure of the human SERCA3 gene, has been documented (12, 13) . It was shown that human and mouse SERCA3 gene primary transcripts are alternatively spliced (13-15, 30, 31) , thereby generating three distinct isoforms: SERCA3a, SERCA3b, and SERCA3c, that are identical in the first 993 amino acid residues (exhibiting 75% sequence identity with SERCA1), but differ in the C terminus (5 or 6, 50, and 36 amino acids long, for SERCA3a, SERCA3b, and SERCA3c, respectively). In addition, evidence for two novel human SERCA3 splice products, SERCA3d and SERCA3e, with C termini of about the same length as SERCA3b has been recently reported (15) .
An important challenge is to understand the advantage of having such a diversity of SERCA isoforms and, in this context, to determine the kinetic and mechanistic differences between them. On the basis of the aforementioned steady-state functional analysis of rat SERCA3a (17) , it was proposed that in SERCA3, the equilibrium between the major conformational states E 1 and E 2 is likely shifted, relative to SERCA1 and SERCA2, in favor of the E 2 form exhibiting low Ca 2ϩ affinity, but so far this hypothesis has not been substantiated by measurements of the partial reaction steps. Even though the Ca 2ϩ binding residues in the transmembrane domain are conserved among the SERCA isoforms, the Ca 2ϩ affinity of the E 1 conformation might differ between the isoforms due to long-range effects of amino acid differences elsewhere in the proteins. With a newly proposed role of SERCA3 isoforms in differential modulation of the lumenal Ca 2ϩ concentration levels (15) , it furthermore becomes increasingly important to examine both the steps decisive for cytoplasmic Ca 2ϩ binding as well as the steps controlling the lumenal Ca 2ϩ affinity in the various isoforms.
In the present study, we have carried out an in depth analysis of the catalytic cycle of the human SERCA3a, b, and c isoforms. Methods for steady-state as well as transient-kinetic characterization of the partial reaction steps of SERCA enzyme expressed in mammalian cell culture have previously been established in connection with studies on SERCA1 mutants (32) (33) (34) (35) and were directly applicable to expressed SERCA3 isoforms. In particular, we have studied several steps by rapid kinetic measurements, some performed on a millisecond time scale using quench-flow methodology (cf. Refs. 34 and 35) . We report here kinetic differences between the three human SERCA3 isoforms and SERCA1a that have consequences not only for Ca 2ϩ binding at cytoplasmic sites, but also for the adjustment of the free Ca 2ϩ concentration in the lumen. The SERCA3 enzymes manifest true low affinity of the E 1 form for cytosolic Ca 2ϩ , and one partial reaction step of importance for the lumenal Ca 2ϩ content, the dephosphorylation of the E 2 P phosphoenzyme intermediate, showed significant variation among the SERCA3 isoforms.
EXPERIMENTAL PROCEDURES
cDNA Construction and Expression-A full-length cDNA clone encoding the human SERCA3b isoform was constructed by replacing a SERCA3c-specific 3Ј-end cDNA fragment with the corresponding SERCA3b-specific 3Ј-end obtained previously via RT-PCR amplification from human kidney (13) . The full-length human SERCA3b cDNA was then transferred into mammalian expression vector pMT2. The cDNA constructs in pMT2 encoding human SERCA3a (HuS3-I and HuS3-II clones) and SERCA3c (HuS3-IV clone) isoforms (14) were kindly provided by Dr. J. Lytton, University of Calgary, Canada. Other constructs used include rabbit SERCA1a (36) and mouse SERCA3b (13) cDNAs in pMT2 vector and pig SERCA2b cDNA in pSV57 vector (37) . For expression, the DNA was transfected into HEK-293 or COS-1 cells using the calcium phosphate precipitation method (38) . The microsomal fraction containing expressed wild-type or mutant Ca 2ϩ -ATPase was isolated by differential centrifugation (39) . Platelet membrane vesicles were isolated from human platelet-rich plasma as previously described (40) . Protein concentration was determined by the bicinchoninic acid method (Pierce, Rockford, IL, U.S.A.), using bovine serum albumin as standard. Denaturing-gel electrophoresis, semi-dry blotting, and blot immunostaining were done as reported earlier (19) . A synthetic peptide (EVSA-GNRVESPVCTSD) corresponding to the extreme C terminus of human SERCA3b, was used to generate a SERCA3b-specific antibody (H3b) as previously described for preparation of the N89 antibody (19) . The PL/IM430 monoclonal antibody (Research Diagnostics) was initially raised against highly purified human platelet intracellular membranes (41) and shown to specifically recognize human SERCA3 isoforms (14, 15) .
Functional Analyses- 45 Ca 2ϩ uptake in the microsomal vesicles was measured by filtration (33) after incubation at 27°C or 37°C in a medium containing 20 mM MOPS, pH 6.8, 100 mM KCl, 5.5 mM MgCl 2 , 5 mM ATP, 0.5 mM EGTA, 5 mM potassium oxalate, and 45 CaCl 2 to obtain various free Ca 2ϩ concentrations. Ca 2ϩ -activated ATP hydrolysis was measured by following the liberation of inorganic phosphate by the Baginski method (33, 42) . The various CaCl 2 concentrations used to obtain the required free Ca 2ϩ concentration were calculated with the MAXC computer software using the dissociation constants therein (43) . The amount of expressed enzyme (pmol ATPase/mg microsomal protein) was quantified by determining the maximum capacity for phosphorylation from ATP at 0°C ("active site concentration") relative to the total microsomal protein. Phosphorylation from [␥- 32 P]ATP and inorganic phosphate ( 32 P i ) and dephosphorylation assays at 0°C were performed using a manual mixing technique (33) . Rapid kinetic experiments at 25°C were performed by use of a Bio-Logic quench-flow module QFM-5 (Bio-Logic Science Instruments, Claix, France) according to the protocols described previously (34) . All phosphorylation reactions (with either [␥- 32 P]ATP or 32 P i ) were terminated by acid quenching, and the acid-precipitated microsomal proteins were processed as described (32, 34) . The radioactivity associated with the separated Ca 2ϩ -ATPase band was quantified by means of imaging, using Packard Cyclone™ Storage Phosphor System. Appropriate background phosphorylation levels (obtained in the presence of excess EGTA or Ca 2ϩ for phosphorylation from [␥-32 P]ATP and 32 P i , respectively) were subtracted before data analysis. Further details of the functional assays are given in the figure legends.
Data Analysis, Curve Fitting, and Simulation-Experimental data presented are average values corresponding to 2-8 determinations, and standard errors larger than the size of the symbols are shown as error bars in the figures. The data were fitted by nonlinear regression analysis using the SigmaPlot program (SPSS Inc.), and the best fits are shown as lines in the figures. Extracted parameters Ϯ S.E. are given in the figure legends. The analysis of ligand concentration dependences was based on the Hill function, whereas the data for the pH dependence of the ATPase activity were fitted by a classical Michaelis pH function using the equation
where K 1 and K 2 are the molecular dissociation constants (mol⅐liter Ϫ1 ) of the intermediate forms of a dibasic acid (44) . The time courses of phosphorylation and dephosphorylation were analyzed by fitting firstorder kinetic equations, or by using the kinetic simulation software SCHEME 1. Ca 2؉ -ATPase reaction cycle.
Transient Kinetics of Human SERCA3 Isoforms
SimZyme developed in the Department of Physiology, University of Aarhus, Denmark, as previously described (34) . The rate constant for Ca 2ϩ dissociation, k ϪCa , was calculated as before (34) .
RESULTS
Expression of Human SERCA3 Isoforms-The expression levels of SERCA3a, SERCA3b, and SERCA3c obtained following transfection of HEK-293 or COS-1 cells, using the calcium phosphate precipitation method (38) , did not differ significantly from that obtained for SERCA1a, as determined by the phosphorylation method (see "Experimental Procedures," data not shown). Fig. 1A shows a typical Western blot analysis of microsomal proteins from transfected HEK-293 cells, using the polyclonal antibody N89 (top panel) raised against an epitope close to the N terminus of rat SERCA3 (19) , the human SERCA3-specific monoclonal antibody PL/IM430 (middle panel), and a newly developed human SERCA3b-specific antibody H3b (bottom panel) as described under "Experimental Procedures." All three antibodies specifically recognized the indicated SERCA3 proteins with no detectable cross-reactivity against endogenously or exogenously expressed SERCA2b proteins in HEK-293 cells. In all cases, SERCA3 proteins were well resolved by SDS-6% polyacrylamide gel electrophoresis according to their size (human SERCA3a encoded by clone HuS3-II (14) , 998 amino acids; human SERCA3b, 1043 amino acids; human SERCA3c, 1029 amino acids; mouse SERCA3b, 1038 amino acids). In addition, Fig. 1B The SERCA3 isoform encoded by clone HuS3-I was also well expressed and was specifically stained with N89 and PL/IM430 antibodies (data not shown, but see Ref. 14) . The two cDNA clones HuS3-I and HuS3-II represent different alleles of the human SERCA3 gene in Jurkat cells. Throughout this study, the isoform encoded by clone HuS3-II is referred to as the SERCA3a isoform, whereas the inactive (see below) SERCA3a isoform encoded by clone HuS3-I (14) is referred to as SERCA3a-I. The proteins denoted SERCA3a, b, and c are identical at the first 993 residues, whereas, as previously described (14) , SERCA3a-I differs from SERCA3a at 3 positions: Thr 673 is replaced by alanine, Met 817 is replaced by isoleucine, and Glu 994 is included in the C terminus. Ca 2ϩ Transport Activity-Microsomal membranes isolated from transfected cells were tested for ATP-driven 45 Ca 2ϩ transport activity in the presence of a saturating free Ca 2ϩ concentration of 10 M, and 5 mM oxalate to trap the transported Ca 2ϩ inside the vesicles. Following normalization of the data on the basis of the amount of SERCA enzyme expressed, the specific Ca 2ϩ accumulation rate calculated corresponding to the initial linear phase was 85 Ϯ 4, 73 Ϯ 6, and 98 Ϯ 9% (average value Ϯ S.E.) for SERCA3a, SERCA3b, and SERCA3c, respectively, relative to the specific rate determined for SERCA1a. Hence, under these conditions the transport rates of SERCA3a, SERCA3b, and SERCA3c did not differ significantly from each other or from that of SERCA1a. On the other hand, the Ca 2ϩ uptake activity of the SERCA3a-I isoform was indistinguishable from the background activity of control microsomes (data not shown), although, as mentioned above, the SERCA3a-I protein was well expressed.
The respective K 0.5 values for Ca 2ϩ activation determined by titration of the Ca 2ϩ dependence of the transport activity were for SERCA1a, SERCA3a, SERCA3b, and SERCA3c (value obtained by fitting the Hill equation Ϯ S.E.): 0.40 Ϯ 0.02, 1.69 Ϯ 0.14, 1.34 Ϯ 0.11, and 1.82 Ϯ 0.18 M (data not shown), indicating that the apparent Ca 2ϩ affinities displayed by the SERCA3 isoforms are 3-to 5-fold lower than corresponding to SERCA1a, in good agreement with previous Ca 2ϩ uptake measurements on rat SERCA3a (17) . Ca 2ϩ Dependence, Ionophore Sensitivity, and pH Dependence of ATPase Activity-Steady-state ATPase activity of SERCA1a and the SERCA3 isoforms was determined in the presence of 5 mM MgATP without a Ca 2ϩ trapping agent in the vesicles. The catalytic turnover rate was calculated as the ratio between the ATPase activity and the amount of expressed enzyme (see "Experimental Procedures"). For SERCA3a-I, the level of ATPase activity was indistinguishable from background under all conditions tested, and no data are shown. For the other SERCA3 isoforms and SERCA1a, Fig. 2 shows the Ca 2ϩ dependence of the turnover rate at pH 7.0 in the presence and absence of the calcium ionophore A23187. Consistent with the Ca 2ϩ uptake data presented above, the SERCA3 enzymes displayed 4-to 5-fold lower apparent affinity for Ca 2ϩ at the activating sites as compared with SERCA1a. The maximum turnover rate attained in the absence of ionophore (i.e. under conditions of Ca 2ϩ accumulation in the microsomal vesicles) was 2-fold higher than that determined for SERCA1a (Fig. 2) . The calcium ionophore allows a high rate of passive efflux of the calcium ions transported into the microsomes, thereby ensuring that the lumenal Ca 2ϩ concentration is maintained at the same level as that of the medium. For medium Ca 2ϩ concentrations in the micromolar range, this relieves the "back inhibition" of the E 1 ϳP(Ca 2 ) to E 2 P partial reaction in SERCA1a imposed by binding of accumulated Ca 2ϩ at lumenal low affinity sites (cf. Scheme 1). Fig. 2 shows that the addition of calcium ionophore stimulated the rate of ATP hydrolysis close to 3-fold for SERCA1a. By contrast, the ATPase activity of the SERCA3 enzymes was almost unaffected by the ionophore (Fig. 2 , see also Table I ).
It can be further seen in Fig. 2 that high (close to millimolar) Ca 2ϩ concentrations in the medium caused an inhibition that for SERCA1a was more pronounced in the presence of the calcium ionophore (3-4-fold at 1 mM Ca 2ϩ ) than in its absence (2-fold at 1 mM Ca 2ϩ ). This difference is due to the existence of two separate inhibitory effects (45, 46): 1) inhibition due to replacement of the Mg 2ϩ at the catalytic site with Ca 2ϩ , occurring independently of the presence of ionophore and 2) the "back inhibition" of the E 1 ϳP(Ca 2 ) to E 2 P transition caused by Ca 2ϩ binding at lumenal low affinity sites. Only for permeabilized vesicles does the latter effect increase with the Ca 2ϩ concentration in the medium. Fig. 2 shows that the inhibition at high medium Ca 2ϩ concentrations in the presence of ionophore was much less pronounced for the SERCA3 enzymes (less than 2-fold at 1 mM Ca 2ϩ ) as compared with SERCA1a, thus resembling the inhibition seen in the absence of ionophore (i.e. it was solely caused by the replacement of the catalytic Mg 2ϩ with Ca 2ϩ ). The ATPase turnover rates attained by SERCA3a, SERCA3b, and SERCA3c in the presence of a saturating Ca 2ϩ concentration at pH 7.0 were quite similar (98, 100, and 90 s Ϫ1 , respectively, in the presence of ionophore) and significantly lower than that attained by SERCA1a in the presence of ionophore (128 s Ϫ1 ) (Fig. 2) . However, as seen in Fig. 3 , the turnover rates of the SERCA3 enzymes were far from being maximal at pH 7.0. The SERCA3 enzymes displayed considerably higher turnover rates than SERCA1a in the pH range 7.5-9.0, reaching maximal values 39 -57% higher than SERCA1a at 100 M Ca 2ϩ in the presence of ionophore, the highest value being recorded for SERCA3b (Table I ). In the absence of ionophore, the turnover rates of the SERCA3 enzymes increased to values more than 2-fold higher than those corresponding to SERCA1a (Fig. 3 ). Note also in Fig. 3 that near the pH optimum the calcium ionophore induced a significant activation of all SERCA3 enzymes, in contrast to the observations described above for pH 7.0. By fitting a classic bell-shaped pH function to the data, the pH optimum was calculated for each isoform (see legend to Fig. 3 and Table I ). Both in the presence and absence of ionophore the pH optimum was alkaline-shifted 0.5-0.6 pH units for SERCA3 enzymes relative to SERCA1a, consistent with the earlier finding for the Ca 2ϩ uptake activity of rat SERCA3a (17) .
Ca 2ϩ Dependence of Phosphorylation by [␥-
32 P]ATP-The expressed human SERCA3a-I that was rather inactive with respect to both Ca 2ϩ transport and ATP hydrolysis showed no measurable phosphorylation from [␥-
32 P]ATP (data not shown). SERCA3a, SERCA3b, and SERCA3c were phosphorylated, and the Ca 2ϩ -dependence of phosphorylation analyzed at pH 7.0 and 25°C (Fig. 4) gave K 0.5 values 4-to 5-fold higher than SERCA1a (Table I) , in line with the Ca 2ϩ titrations of Ca 2ϩ uptake and ATPase activities presented above. Phosphorylation by 32 P i -For SERCA1a, the E 2 form accumulated in the absence of Ca 2ϩ can be phosphorylated "backwards" in the presence of inorganic phosphate, forming E 2 P (Scheme 1). Several conditions such as acid pH, absence of alkali metal ions, and presence of the organic solvent dimethyl sulfoxide (47) help to increase the affinity for P i and stabilize From the regression analysis, the ionization constants K 1 and K 2 were extracted and used to calculate the optimum pH value for each isoform: 7.23, 7.72, 7.74, and 7.78 in presence of ionophore and 6.91, 7.51, 7.51, and 7.63 in its absence for SERCA1a, SERCA3a, SERCA3b, and SERCA3c, respectively. The ATPase turnover rates corresponding to pH optimum in the presence of ionophore are shown in Table I . the E 2 P phosphoenzyme intermediate so that it can be conveniently measured by use of 32 P i . Fig. 5A shows that under these conditions, the SERCA3 enzymes displayed apparent affinities for 32 P i more than 2-fold reduced relative to SERCA1a. This result was somewhat surprising in light of the previous suggestion that in SERCA3 the equilibrium between E 1 and E 2 favors the P i -reactive E 2 conformation more than in SERCA1a (17) . Fig. 5B shows the results of titrating the Ca 2ϩ inhibition of 32 P i phosphorylation. It is seen that the apparent affinities for Ca 2ϩ displayed by the SERCA3 enzymes in this assay were 3-to 4-fold reduced relative to SERCA1a, confirming the results obtained in the other Ca 2ϩ titration assays. Dephosphorylation of E 1 ϳP(Ca 2 ) and E 2 P Phosphoenzyme Intermediates-As shown in Fig. 6 , the decay of phosphoenzyme was examined after phosphorylation with [␥-32 P]ATP under conditions known for SERCA1a to lead to accumulation of the E 1 ϳP(Ca 2 ) intermediate (0°C, neutral pH, presence of K ϩ ). E 1 ϳP(Ca 2 ) dephosphorylates either in the backward direction of the reaction cycle by transfer of the phosphoryl group to ADP, yielding ATP, or in the forward direction via the E 1 ϳP(Ca 2 ) to E 2 P conversion followed by E 2 P hydrolysis (cf. a Turnover rate for ATP hydrolysis at 37°C in the presence of 100 M Ca 2ϩ and calcium ionophore at pH optimum (Fig. 3) . b pH optimum for the ATPase reaction in presence of calcium ionophore (Fig. 3) . c The ratio between the ATPase activities with and without calcium ionophore at 10 M Ca 2ϩ (Fig. 2) . d The Ca 2ϩ concentration giving half-maximum activation of phosphorylation by [␥-32 P]ATP (Fig. 4 ). e Rate of dephosphorylation at 0°C and pH 8.5 of phosphoenzyme formed in the presence of 32 P i (Fig. 8C) . f Average of results obtained in 2 types of rapid kinetic phosphorylation experiments at 25°C (Figs. 9 and 10) . g Rate constant determined in single turnover experiment at 25°C (Fig. 12) . h Rate of disappearance of ability to phosphorylate from [␥-32 P]ATP upon addition of EGTA at 25°C (Fig. 11) . i From Fig. 13, A and B. very rapid dephosphorylation of SERCA3a, SERCA3b, and SERCA3c, indistinguishable from that of SERCA1a (less than 1% of the initial phosphoenzyme left after 5 s), demonstrating that for the SERCA3 isoforms, as for SERCA1a, the phosphoenzyme was initially present in the ADP-sensitive E 1 ϳP(Ca 2 ) form. When the dephosphorylation in the forward direction was instead monitored by chase with 0.6 mM non-radioactive ATP, the rates determined for SERCA1a and SERCA3 enzymes were lower than observed for ADP-induced dephosphorylation, but as seen in Fig. 6 , there were again no significant differences between the decay rates of SERCA1a and each SERCA3 isoform.
The finding that the ATPase activities of the SERCA3 enzymes were higher than that of SERCA1a at alkaline pH led us to study the pH dependence of dephosphorylation. Fig. 7 shows the amount of phosphoenzyme remaining after a 2-s chase of E 1 ϳP(Ca 2 ) with non-radioactive ATP and dephosphorylation medium of varying pH in experiments otherwise similar to those described above for Fig. 6 . A bell-shaped pH dependence was found for the dephosphorylation rate of SERCA1a, with an optimum around pH 7.5 and a rather slow dephosphorylation at pH 6.0 as well as pH 9.0. The SERCA3 enzymes likewise showed rather low rates of dephosphorylation at pH 6.0, although significantly higher than that of SERCA1a, but at alkaline pH there was little inhibition of the SERCA3 enzymes. Hence, the dephosphorylation of the SERCA3 enzymes was much faster than that of SERCA1a at pH 9.0, explaining the difference between SERCA1a and SERCA3 enzymes with respect to ATPase activity in this pH range.
For SERCA1a, it is known that under the conditions corresponding to Fig. 6 and Fig. 7 , neutral pH, the rate-limiting step in the forward dephosphorylation of E 1 ϳP(Ca 2 ) is the E 1 ϳP(Ca 2 ) to E 2 P conversion, whereas the ensuing hydrolysis of E 2 P, generating P i , is much faster than the E 1 ϳP(Ca 2 ) to E 2 P conversion at neutral pH and contributes to rate limitation only at acidic pH and (more pronounced) at alkaline pH (45, (47) (48) (49) (50) (51) . Therefore, the results presented in Figs. 6 and 7 show that the E 1 ϳP(Ca 2 ) to E 2 P conversion occurs at similar rates in SERCA1a and SERCA3 enzymes and suggest that the rate of hydrolysis of E 2 P is higher in SERCA3 enzymes as compared with SERCA1a, particularly at alkaline pH. To examine the dephosphorylation of E 2 P more directly, the E 2 P phosphoenzyme was formed through the "back door" phosphorylation with 32 P i in the absence of Ca 2ϩ as described in relation to Fig. 5A , and the decay of this intermediate was monitored following dilution in dephosphorylation media of varying composition and temperature (Fig. 8) . At pH 6.0 in the presence of 15% dimethyl sulfoxide, the dephosphorylation was sufficiently slow to be followed at 25°C, whereas at pH 7.0 and 8.5 in the absence of organic solvent, it was necessary to reduce the temperature to 0°C. Under all three conditions, dephosphorylation was accelerated in the SERCA3 enzymes relative to SERCA1a: 2-to 6-fold at pH 6.0, 2-to 4-fold at pH 7.0, and as much as 20-to 50-fold at pH 8.5. It is further noteworthy that the dephosphorylation rates differed significantly among the SERCA3 isoforms. From the data obtained at pH 6.0 and pH 8.5 (Fig. 8 , A and C and Table I ), where the time resolution was optimal, it is seen that SERCA3a was significantly slower than the other isoforms and SERCA3b faster. Hence, there seems to be a correlation between the rate of dephosphorylation and the length of the differentially spliced C terminus (5, 50, and 36 amino acids, for SERCA3a, SERCA3b, and SERCA3c, respectively).
Rapid Kinetic Analysis of Phosphorylation and the Ca 2ϩ
Binding Transition-Rapid kinetic measurements of the phosphorylation with [␥-32 P]ATP were conducted at 25°C, using the quench-flow technique and the protocols described previously for SERCA1a (34) . When the time course of phosphorylation was monitored after the simultaneous addition of [␥- 32 P]ATP and excess Ca 2ϩ to Ca 2ϩ -deprived enzyme (Fig. 9 ), the observed rate constant was about 2-fold lower for the SERCA3 enzymes (11-15 s Ϫ1 ) as compared with SERCA1a (23 s Ϫ1 ). For SERCA1a, it is known that under these conditions the 
). For direct comparison, the dotted lines in the SERCA3 panels reproduce the line corresponding to SERCA1a. rate of phosphoenzyme appearance is limited by step(s) in the transition from E 2 to E 1 Ca 2 , including the conformational change(s) associated with enzyme deprotonation (52) . Fig. 10 shows that when, alternatively, the time course of the phosphorylation was monitored with the enzyme initially present in the Ca 2ϩ -saturated form (E 1 Ca 2 ), the rise of the phosphorylation level occurred with almost the same rates in the SERCA3 enzymes as in SERCA1a, but for the SERCA3 enzymes there was a larger overshoot (Ϸ20% of the maximum phosphorylation level) as compared with SERCA1a (5-10%). The overshoot indicates the existence of a relatively slow step intervening between the dephosphorylation and rephosphorylation reactions, resulting in accumulation of non-phosphorylated enzyme after some time. As shown by the lines in Fig. 10 , it was possible to reproduce the experimental data rather accurately by computation using the SimZyme program as described earlier (34) on the basis of a simplified reaction cycle (Scheme 1 of Ref. 34 ) consisting only of phosphorylation (E 1 Ca 2 to E 1 ϳP(Ca 2 ), rate constant k A ), dephosphorylation (E 1 ϳP(Ca 2 ) to E 2 P and E 2 P to E 2 combined as a single step with rate constant k B , because of the much lower rate of the former reaction as compared with the latter at neutral pH), and the E 2 to E 1 Ca 2 transition (rate constant k C ). For SERCA1a, a good fit was obtained using the rate constants k A ϭ 35 s Ϫ1 , k B ϭ 5 s Ϫ1 , and k C ϭ 25 s Ϫ1 , consistent with previous reports (34, 35) , but for SERCA3a, SERCA3b, and SERCA3c it was necessary to reduce k C (corresponding to the E 2 to E 1 Ca 2 transition) about 2-fold to 11 s Ϫ1 , 11 s Ϫ1 , and 10 s Ϫ1 , respectively, keeping the same values for k A and k B as for SERCA1a. Taken together, the results in Figs. 9 and 10 therefore demonstrate that the rate of the transition from E 2 to E 1 Ca 2 is 2-fold reduced for the SERCA3 enzymes relative to SERCA1a, whereas the phosphorylation reaction E 1 Ca 2 to E 1 ϳP(Ca 2 ) and the E 1 ϳP(Ca 2 ) to E 2 P transition occur at similar rates in SERCA1a and SERCA3 enzymes.
Dissociation of Ca 2ϩ -To obtain direct information regarding the properties of the cytoplasmically facing Ca 2ϩ sites of the E 1 form, the quench-flow technique was used to determine the rate of Ca 2ϩ dissociation (k ϪCa ) at 25°C by taking advantage of the dependence of the phosphorylation by ATP on the occupancy of the Ca 2ϩ sites as described earlier (34, 35 (34) 
. For direct comparison, the dotted lines in the SERCA3 panels reproduce the line corresponding to SERCA1a. rylation has occurred. The results of such experiments can be seen in Fig. 12 . The ascendant part of the peak is determined by the rate constants k A and k -Ca described above, whereas the slope of the decay reflects the dephosphorylation rate (k B ), which at neutral pH is limited by the E 1 ϳP(Ca 2 ) to E 2 P conversion as described above. This type of experiment provides a more accurate determination of k B than the experiment corresponding to Fig. 10 . As indicated by the lines in Fig. 12 , the data could be reproduced satisfactorily by computation as described in Ref. 34 , using the same rate constant for phosphorylation (k A ϭ 35 s Ϫ1 ) as above, values for k ϪCa of 27, 85, 70, and 70 s Ϫ1 (i.e. roughly those extracted from the data in Fig.  11 ), and the following values for the rate constant (k B ) describing dephosphorylation (actually the E 1 ϳP(Ca 2 ) to E 2 P conversion): 5.0, 6.5, 5.2, and 6.0 s Ϫ1 for SERCA1a, SERCA3a, SERCA3b, and SERCA3c, respectively. Hence, these rapid kinetic data obtained at 25°C confirm the conclusion based on the data at 0°C (Fig. 6) that the E 1 ϳP(Ca 2 ) to E 2 P conversion occurs with similar rates in SERCA1a and SERCA3 enzymes.
Inhibition by Vanadate-Vanadate, a transition-state analog of the phosphoryl group, preferentially binds to the E 2 form, and the steady-state concentration of E 2 accumulated during ATP hydrolysis can therefore be probed by studying the apparent affinity for vanadate inhibition. Changes to the dephosphorylation rate or the rate of E 2 to E 1 Ca 2 conversion affecting the amount of E 2 present at steady state should change the apparent affinity for vanadate. Titrations of the vanadate inhibition of ATPase activity are shown in Fig. 13A . In SERCA3a, SERCA3b, and SERCA3c, the apparent affinities for vanadate were enhanced 4.4-, 7.4-, and 5.2-fold, respectively, relative to SERCA1a, consistent with an increased accumulation of E 2 for the SERCA3 enzymes. On the other hand, Fig. 13B illustrates the result of a vanadate titration under equilibrium conditions. Here, the enzyme was equilibrated for 1 h with various concentrations of vanadate at 25°C in the absence of Ca 2ϩ and ATP, and the enzyme fraction with no vanadate bound was then determined at 0°C by its ability to form a phosphoenzyme upon the addition of Ca 2ϩ and [␥-32 P]ATP. Vanadate binding is competitive with respect to phosphorylation, and because the dissociation of vanadate is very slow at 0°C (half-life for the enzyme-vanadate complex of the order of hours), the amount of phosphoenzyme formed in this assay reflects the equilibrium between the free and vanadate-bound enzyme forms existing before the addition of Ca 2ϩ and [␥-32 P]ATP. Surprisingly, under these conditions the apparent affinity for vanadate was no longer increased in SERCA3 enzymes relative to SERCA1a (Fig. 13B) .
DISCUSSION
In the present study, the overall and partial reactions were investigated for the human SERCA3 isoforms SERCA3a, SERCA3b, and SERCA3c. Transient-kinetic experiments were carried out for the first time with SERCA3 enzyme. Our results, of which the most important are summarized in Table I , demonstrate that the SERCA3 isoforms display essential differences from SERCA1a with respect to some of the partial reactions: (i) a higher rate of dephosphorylation of the ADPinsensitive E 2 P phosphoenzyme intermediate (2-to 50-fold increased, dependent on the pH and SERCA3 isoform, increasing with the length of the alternatively spliced C terminus, Fig. 8); (ii) a 2-fold decrease of the E 2 to E 1 Ca 2 transition rate (Figs. 9 and 10); and (iii) a 3-fold increased rate of Ca 2ϩ dissociation from E 1 Ca 2 (Fig. 11) . As discussed below, these changes to partial reaction steps explain the characteristics of the overall reaction in the SERCA3 enzymes that have been described here (Figs. 2-5 and 13 ) and in the previous study of the rat SERCA3a enzyme (17) . The SERCA3a, b, and c isoforms did on the other hand not show significant differences from SERCA1a with respect to the rates of the E 1 Ca 2 to E 1 ϳP(Ca 2 ) phosphorylation reaction (Fig. 10) and the E 1 ϳP(Ca 2 ) to E 2 P conformational transition (Figs. 6 and 12) .
Reduced Affinity for Cytosolic Ca 2ϩ -A 3-to 5-fold-reduced apparent affinity for Ca 2ϩ at the cytosolic sites was observed in a broad spectrum of assays encompassing Ca 2ϩ titration of Ca 2ϩ transport activity and ATPase activity (Fig. 2) at steady state, as well as phosphorylation from ATP (Fig. 4) and P i (Fig.  5B) . Using some of these assays, similar observations were previously made for rat SERCA3a, and it was suggested that the increased K 0.5 for Ca 2ϩ activation relative to SERCA1a is caused by a shift of the equilibrium between E 1 and E 2 in favor of E 2 (17) . Indeed, our rapid kinetic studies showing a 2-fold reduced rate of the E 2 to E 1 Ca 2 transition (Fig. 9) are consistent with a change of the E 1 -E 2 equilibrium in favor of E 2 . Computation of the expected Ca 2ϩ dependence of phosphorylation by ATP for various choices of the rate constant of the E 2 to E 1 transition under conditions corresponding to Fig. 4 has, however, demonstrated that a 2-fold reduction of the E 2 to E 1
FIG. 13. Vanadate inhibition during steady-state ATP hydrolysis (A) and at equilibrium (B).
A, the rate of ATP hydrolysis was measured at 37°C in the presence of 50 mM TES/Tris, pH 7.0, 100 mM KCl, 7 mM MgCl 2 , 5 mM ATP, 2 mM EGTA, CaCl 2 to set the free Ca transition rate is much too small a change to fully account for the 4-to 5-fold increase of the K 0.5 for Ca 2ϩ activation observed in the present phosphorylation experiment (35) . Therefore, other effects must play a role as well. Importantly, we were able to demonstrate that the rate of Ca 2ϩ dissociation from E 1 Ca 2 is 3-fold enhanced in the SERCA3 enzymes relative to SERCA1a (Fig. 11) . Hence, the SERCA3 enzymes seem to manifest true low affinity of the E 1 form for cytosolic Ca 2ϩ . Taken together, the 3-fold increased Ca 2ϩ dissociation rate and the 2-fold reduced rate of the E 2 to E 1 Ca 2 transition seem to explain the 4-to 5-fold increase of the K 0.5 for Ca 2ϩ activation of phosphorylation.
Insensitivity to Calcium Ionophore-We have here, for the first time, described the insensitivity of the ATPase activity of the SERCA3 enzymes to permeabilization of the microsomal vesicles with calcium ionophore (Fig. 2) . For SERCA1a, the addition of calcium ionophore A23187 results in a marked increase of the ATPase activity at micromolar medium Ca 2ϩ concentrations, because the increased Ca 2ϩ permeability reduces the lumenal Ca 2ϩ concentration, thereby preventing reversal of the E 1 ϳP(Ca 2 ) to E 2 P transition (cf. Scheme 1). By contrast, the calcium ionophore did not stimulate the ATPase activity of the SERCA3 enzymes to any significant extent at neutral pH (Fig. 2 , see also Table I) , and the turnover rate attained at saturating medium Ca 2ϩ concentrations in the absence of ionophore (i.e. under conditions of Ca 2ϩ accumulation in the microsomal vesicles) was 2-fold higher for SERCA3 enzymes relative to SERCA1a. There are two possible ways of accounting for these observations. The first hypothesis is that for the SERCA3 enzymes, the concentration of Ca 2ϩ in the vesicular lumen does not reach the high inhibitory level seen for SERCA1a. This would not be due to low enzyme activity of SERCA3, because as mentioned above the ATPase turnover rate of SERCA3 was higher than for SERCA1a in the absence of ionophore (Fig. 2) . Neither could it be due to inability of the SERCA3 enzymes to couple ATP hydrolysis with transport of Ca 2ϩ , as the Ca 2ϩ -uptake activity observed for the SERCA3 enzymes in the presence of oxalate to precipitate lumenal Ca 2ϩ (thus keeping the free Ca 2ϩ concentration in the lumen below 100 M) was high and very similar to that seen for SERCA1a. A reduction of the lumenal Ca 2ϩ concentration might, however, result from an increased passive efflux of Ca 2ϩ . Ca 2ϩ efflux through the pump, operating as a channel, has been previously demonstrated for SERCA1a in the absence of substrates and in the presence of certain drugs that seem to interact specifically with the E 2 form of the enzyme (53) . The Ca 2ϩ efflux is likely mediated by the E 2 form (53, 54), and because E 2 accumulates to a higher level for SERCA3 than for SERCA1a during steadystate turnover (see below), it is not unreasonable to think that the Ca 2ϩ efflux through the pump might be enhanced for SERCA3 relative to SERCA1a under these conditions. On the other hand, de Meis and coworkers have found that microsomal membranes from platelets that express high levels of SERCA3 (cf. Fig. 1) show less pump-mediated passive efflux of Ca 2ϩ as compared with muscle microsomes expressing SERCA1, except in the presence of high doses of platelet activating factor (55) . This seems to argue against passive Ca 2ϩ efflux through SERCA3 as a critical determinant of the lumenal free Ca 2ϩ concentration in the isolated microsomal fraction studied here, although it is indeed possible that a regulating factor could stimulate the passive Ca 2ϩ efflux through SERCA3 under physiological conditions in the cellular environment.
The alternative hypothesis is that the lack of ionophoremediated stimulation of ATPase activity in SERCA3 at neutral pH and the higher turnover rate attained in SERCA3 relative to SERCA1a in the absence of ionophore are consequences of relative insensitivity of SERCA3 to inhibition by lumenal Ca 2ϩ . This would imply that the lumenal free Ca 2ϩ concentration could rise to higher levels for SERCA3 than for SERCA1 under conditions where the cytosolic free Ca 2ϩ concentration is sufficiently high to fully activate SERCA3. An observation that favors this hypothesis more than the "efflux hypothesis" mentioned above is the difference between SERCA3 enzymes and SERCA1a with respect to sensitivity to inhibition by high medium Ca 2ϩ concentrations in the presence of ionophore (i.e. under conditions by which the lumenal sites become accessible from the medium), cf. Fig. 2 , Ca 2ϩ concentration close to 1 mM. Insensitivity to inhibition by lumenal Ca 2ϩ may derive from a reduced Ca 2ϩ affinity of the transport sites in their lumenally facing configuration, which could be due to an increased affinity for competing protons (note that a partial stimulation by the ionophore was observed at alkaline pH, Fig. 3 ). It is tempting to draw a parallel to the above-discussed low affinity of the cytoplasmically facing transport sites, which probably share some . All other rate constants in the scheme are pseudo-first order rate constants chosen to represent the ligand concentrations of the experiment in Fig. 2. of the Ca 2ϩ -liganding carboxyl groups with the lumenal sites (56) . In addition, kinetic effects caused by the increased rate of dephosphorylation of E 2 P and the reduced rate of the E 2 to E 1 Ca 2 transition may be important determinants of the insensitivity to lumenal Ca 2ϩ . To illustrate this point, Table II shows the results of a computer simulation based on Scheme 1, in which the ATPase activity at steady state was computed for various choices of the rate constants corresponding to dephosphorylation of E 2 P and the E 2 to E 1 Ca 2 transition, at high (corresponding to absence of ionophore) and low (corresponding to presence of ionophore) lumenal Ca 2ϩ concentration. With a reasonable choice of rate constants for SERCA1a (Table II , cf. Refs. 57 and 58), the computed turnover rate for 10 M cytoplasmic Ca 2ϩ in the presence and absence of ionophore was 121 and 59 s Ϫ1 , respectively, in rather good agreement with the experimental findings presented in Fig. 2 (note that the turnover rate corresponding to absence of ionophore depends on the lumenal Ca 2ϩ concentration, which was rather arbitrarily chosen to be 1 mM). As further seen in Table II , an increase of the rate constant for dephosphorylation of E 2 P reduced the activating effect of ionophore and increased the turnover rate in the absence of ionophore. This is because the enhanced dephosphorylation of E 2 P competes with the reversal of the E 1 ϳP(Ca 2 ) to E 2 P conversion induced by high lumenal Ca 2ϩ (cf. Scheme 1). Moreover, the combination of the enhanced dephosphorylation of E 2 P with a reduced rate of the E 2 to E 1 Ca 2 transition resulted in highly realistic turnover rates corresponding to SERCA3 of 98 and 90 s Ϫ1 for the presence and absence of ionophore, respectively (cf. Fig. 2 ). The inhibition of the E 2 to E 1 Ca 2 transition not only reduced the rate of the overall reaction, but also added to the insensitivity to inhibition by lumenal Ca 2ϩ . This is because the rate-limiting step was shifted from the E 1 ϳP(Ca 2 ) to E 2 P conversion being sensitive to lumenal Ca 2ϩ to the E 2 to E 1 Ca 2 transition not involving lumenal Ca 2ϩ . Change of pH Optimum-The alkaline shift of the pH optimum for turnover rate (Fig. 3) can likewise be explained on the basis of the increased rate of dephosphorylation of E 2 P. In SERCA1a, the rate of E 2 P dephosphorylation decreases markedly with increasing pH above pH 7.5 with resultant decline of the ATPase activity, presumably because the exchange of Ca 2ϩ with protons at the lumenal transport sites (Scheme 1) is blocked at alkaline pH (note that because the microsomal vesicles are permeable to protons, the lumenal pH should be the same as the pH of the medium, even in the absence of ionophore). The inhibition of E 2 P dephosphorylation at alkaline pH was much less pronounced for SERCA3 enzymes, as seen both in the direct measurements of the dephosphorylation of E 2 P (Fig. 8) and in the pH titration of dephosphorylation under conditions where the phosphoenzyme initially was present as E 1 ϳP(Ca 2 ) and decayed through the reaction sequence E 1 ϳP(Ca 2 ) 3 E 2 P 3 E 2 (Fig. 7) . Because other partial reaction steps that contribute to rate limitation of the overall reaction, such as the E 1 ϳP(Ca 2 ) to E 2 P and E 2 to E 1 Ca 2 transitions, tend to be accelerated at alkaline pH (49, 52, 59) , and the dephosphorylation of E 2 P remained relatively fast in the SERCA3 enzymes under these conditions, a higher turnover rate could be reached at alkaline pH in the SERCA3 enzymes as compared with SERCA1a. Furthermore, because the rate of E 2 P dephosphorylation was higher in SERCA3b than in the other SERCA3 enzymes at alkaline pH, SERCA3b reached the highest turnover rate at pH optimum (Figs. 3 and 8C, and Table I ).
Because the E 2 to E 1 Ca 2 transition is associated with release of protons (Refs. 52, 59, and 60, cf. Scheme 1), it becomes rate-limiting for the overall ATPase reaction at acidic pH, and due to the lower rate of the E 2 to E 1 Ca 2 transition in the SERCA3 enzymes relative to SERCA1a (Fig. 9 and Table I ) the decline of ATPase activity on the acidic side of the pH optimum ( Fig. 3) was more pronounced for the SERCA3 enzymes than for SERCA1a. Taken together, the insensitivity of the dephosphorylation reaction of the SERCA3 enzymes to inhibition at alkaline pH and the reduced rate of the proton releasing E 2 to E 1 Ca 2 transition seem to suggest that the affinity of the transport sites for protons is increased in SERCA3 relative to SERCA1a.
Apparent Affinities for P i and Vanadate-Other phenotypic characteristics displayed by the three SERCA3 enzymes include a reduced apparent affinity for P i relative to SERCA1a (Fig. 5A) , as well as an increased apparent affinity for vanadate as measured during enzyme turnover (Fig. 13A and Table I ). The finding of a more than 2-fold reduced apparent affinity for 32 P i in the SERCA3 enzymes was somewhat unexpected considering the previous suggestion that in SERCA3 the equilibrium between E 1 and E 2 is shifted more in favor of the P ireactive E 2 conformation than in SERCA1a (17) . The reduced apparent affinity for P i must be a direct consequence of the increased E 2 P dephosphorylation rate (2-to 6-fold under conditions corresponding to Fig. 5A ; cf. Fig. 8A ) and demonstrates that the enhanced dephosphorylation is not matched by a comparable enhancement of the reverse E 2 3 E 2 P phosphorylation by P i . The increased apparent affinity for vanadate measured during enzyme turnover is similar to what has previously been reported for rat SERCA3a (17) . The suggestion that the E 1 -E 2 equilibrium is shifted in favor of E 2 in SERCA3 was actually based on this measurement, since vanadate as a transitionstate analog of the phosphoryl group binds preferentially to the enzyme in the E 2 form. However, when vanadate was allowed to bind under equilibrium conditions in the absence of ATP and Ca 2ϩ (no enzyme turnover), the apparent affinity for vanadate was no longer increased in SERCA3 enzymes relative to SERCA1a (Fig. 13B and Table I ). Hence, it is likely that the major contribution to the increased apparent affinity for vanadate displayed under turnover conditions is from the enhanced dephosphorylation of E 2 P, which by increased production of the E 2 form leads to accumulation of E 2 at steady state. It is interesting to note that like the rate of E 2 P dephosphorylation, the apparent affinity for vanadate under turnover conditions increased in the order SERCA3a, SERCA3c, SERCA3b, i.e. with the length of the alternatively spliced C terminus.
Structural Considerations-Transmembrane segments M4, M5, M6, and M8 contributing to Ca 2ϩ liganding at the transport sites through residues Glu 309 in M4, Glu 771 in M5, Asn 796 , Thr 799 , and Asn 800 in M6, and Glu 908 in M8 (4) are highly conserved between SERCA1a and SERCA3 enzymes (for sequence comparison, see Ref. 12) . Therefore, the increased rate of Ca 2ϩ dissociation from the transport sites in E 1 Ca 2 of SERCA3 (and the proposed tighter H ϩ binding at the transport sites in E 2 P and E 2 , see above) must arise from a change in long-range interaction rather than a replacement of the liganding groups or of residues in their immediate environment. It is interesting to note that the combination of an increased rate of E 2 P dephosphorylation with a reduced rate of the E 2 to E 1 Ca 2 transition makes the SERCA3 enzymes resemble the SERCA1a point mutant Lys 758 -Ile (33) . Lys 758 , located in the fifth stalk segment ("S5"), is, however, also conserved in the SERCA3 isoforms. A more recent study of the functional effects of several SERCA1a mutations in S5 revealed the importance of the whole S5 segment for the communication between the ion-binding pocket and the catalytic site that controls the rate of dephosphorylation of E 2 P and the E 2 to E 1 Ca 2 transition (61). There are a few amino acid differences between SERCA3 and SERCA1a in S5, but it should in addition be noted that S5 is connected through a network of hydrogen bonds (one involving Lys 758 ) with residues in the loop linking transmembrane segments M6 and M7 (loop "L6 -7") (see Fig. 8 (35) , and in the E 1 Ca 2 crystal of SERCA1a Lys 252 seems to interact with the C-terminal part of L6 -7 (4). In SERCA3 enzymes, the neighboring residue, Gln 251 , is replaced by arginine, which might well affect the interaction of Lys 252 with L6 -7, thereby increasing the Ca 2ϩ dissociation rate as we have observed in the present study. SERCA1a and SERCA3 differ at a few residues in L6 -7, such as Pro 820 and Pro 827 , which in SERCA3 are replaced with leucine and alanine, respectively. It is possible that the double substitution of proline residues in L6 -7 of SERCA3 affects the function of L6 -7. In this connection, it should furthermore be mentioned that in the present study we were unable to detect any phosphorylation of the human SERCA3a-I with either ATP or P i , thereby explaining the dramatic decrease in the Ca 2ϩ -uptake and ATPase activities reported earlier (14) . Relative to SERCA3a, SERCA3a-I contains 3 amino acid differences, of which the substitution of the highly conserved Met 817 in L6 -7 with isoleucine is likely to be most crucial for function (14) . The lack of phosphorylation of SERCA3a-I underscores the importance of L6 -7 in mediating communication between the Ca 2ϩ -binding domain and the phosphorylation domain. In the E 1 Ca 2 crystal structure of SERCA1a, Met 817 is found in very close proximity to Asp Physiological Implications-The specific characteristics of SERCA3 enzymes may have consequences both for cytosolic and lumenal Ca 2ϩ concentrations. The reduced affinity at the cytosolic sites implies that in cells where the expression of SERCA3 is up-regulated at the expense of the housekeeping high-affinity SERCA2b enzyme, the cytoplasmic Ca 2ϩ concentration will reach higher levels. The need for a higher cytosolic Ca 2ϩ concentration to activate Ca 2ϩ uptake by SERCA3 should in general lead to reduced lumenal Ca 2ϩ levels, where SERCA3 is the predominant pump, and this should be even more pronounced under conditions where Ca 2ϩ efflux mediated by the E 2 form is stimulated, as discussed above. On the other hand, due to the insensitivity to inhibition by lumenal Ca 2ϩ , which as demonstrated in our computer simulation (Table II) is an obligatory consequence of the enhanced rate of E 2 P dephosphorylation, SERCA3 enzymes also seem especially well adapted to continuously cope with transport of Ca 2ϩ against a high lumenal Ca 2ϩ content-even at alkaline pH-whenever the influx of Ca 2ϩ in the cell is sufficiently high to activate this pump.
The existence of up to five SERCA3 isoforms, of which the last two, SERCA3d and SERCA3e, were discovered only very recently (15) , raises the question whether there are functional differences between them. Our results show that SERCA3a, SERCA3b, and SERCA3c differ only insignificantly in many functional aspects, including those determining the apparent affinity for cytoplasmic Ca 2ϩ . However, with respect to the dephosphorylation of E 2 P, which as discussed above could be critical for the lumenal Ca 2ϩ concentration, we found an interesting correlation between the dephosphorylation rate and the length of the alternatively spliced C terminus: the longer the C-terminal extension, the faster the dephosphorylation proceeded. This result points to a modulatory role of the C terminus, which in the longer versions should be able to interact with L6 -7 or other critical domains.
